The Rapid Infrared Imager/Spectrograph (RIMAS) is an instrument designed to observe gamma ray burst afterglows. Dispersion in the moderate resolution mode (R~4000) is provided by ZnSe grisms: one covering the Y and J bands and the other covering the H and K. Each has a clear aperture of 44 mm. For the HK grism the blaze is 49.9º with a 20 line/mm period. The grooves cover an area of 69 mm x 45 mm.
INTRODUCTION

RIMAS
1 is an instrument being built for installation on the 4 meter Discovery Channel Telescope in Happy Jack, AZ. It is a target of opportunity instrument specifically designed to capture photometric and spectral data from the afterglow of gamma ray bursts. Upon detection of a gamma ray burst by the orbiting SWIFT satellite, the location of the burst can be localized to within a few arc seconds in just over one minute and relayed down to the ground. The telescope can then be rapidly slewed to point RIMAS to the source of the gamma radiation.
RIMAS is designed to cover the spectral range of 0.9 to 2.4 µm in two channels. The emphasis on the infrared is to accommodate the large red shifts of distant objects as well as providing improved transmission through interstellar dust. A dichroic mirror directs light to either the short wavelength channel covering the Y and J bands (0.97 -1.07 µm and 1.17 -1.33 µm) or the long wavelength channel covering the H and K bands (1.49 -1.78 µm and 2.03 -2.37 µm). A rotating wheel in each pupil plane allows the insertion of filters and grisms. RIMAS has both a low resolution spectral mode (R~25) and a moderate resolution mode (R~4000). Moderate resolution is achieved with diamond machined ZnSe grisms operating in high order used in conjunction with ZnSe prism cross-dispersers.
Our previous paper covered the preparations for machining the grism pair 2 . These included specifying and procuring the diamond tools and procuring the ZnSe grism blanks. It is very important in machining gratings into brittle materials that the surface be prepared in a damage-free condition. Zinc selenide can be etched to remove the subsurface damage introduced during the polishing process, but not in a very uniform manner 3 . Instead we chose to rely on a damage-free polishing technique in which involves polishing with successively finer abrasives. Polishing with each abrasive proceeds until the damage from the previous sized abrasive has been removed. The final polish is with 0.04 µm alumina. To qualify this process the vendor polished to a 25.4 mm diameter zinc selenide disc. A diamond tool we had on hand with a blaze angle of 2.9 degrees was used to machine a diffraction grating into the surface. Examination under a microscope showed the grooves to be very clean and sharp with no evidence of chipping. This qualified the polishing process for use on the grism blanks.
Section 2 describes testing of the tools purchased to machine the HK grism, both by optical inspection and by cutting trial gratings in ZnSe. In section 3 we discuss the actual machining of the HK grism and the results of preliminary inspections. Results of detailed testing are given in section 4. Section 5 reviews the most likely causes of the observed chipping of the grooves. Conclusions and plans for future work are presented in section 6.
TOOL INSPECTION AND TEST CUTS
Two diamond tools were ordered for each grism (one plus a spare). Upon receipt they were each used to cut a 5 mm wide grating in an etched germanium disc (25 mm diameter, 6 mm thick) to verify the correct blaze angle. Optical testing showed that the blaze angle of the YJ tools were within ¼ degree of the specified value, but the tool apex angles were eight degrees too large. A similar error was noted with the HK tools. Apparently, there had been a miscommunication. The tools were returned to the vendor and then reworked to produce the correct angles. Optical inspection at high magnification verified that the tool angles met specifications.
Our next step was to cut test gratings in polished ZnSe using the HK grism tools. Since the HK grism operates at longer wavelengths and has somewhat looser optical tolerances, we planned to machine it first, before the YJ grism. Two 25.4 mm diameter discs were prepared and polished along with the grism blanks and using the same techniques. The first test grating was cut using tool #22119. There was significant chipping, so we cut a test grating using tool #22118. This tool yielded somewhat better results. But as figures 1a and 1b show there was still intermittent chipping that increased during the duration of the cut. The chipping of the grooves in ZnSe was clearly worse that we had seen cutting the GR700 grism for NIRISS or the immersion grating for a WINERED prototype. At this point the only option was to proceed to machine the HK grism using the best of the two tools on hand, #22118.
MACHINING AND PRELIMINARY INSPECTION OF THE HK GRISM
The machine setup followed the procedures developed cutting previous gratings. First the ZnSe blank is set onto the fixture and the fixture set inside the thermally controlled enclosure of LLNL's PERL (Precision Engineering Research Lathe). This allows both the blank and the steel fixture to come to thermal equilibrium at the temperature of the machine. The blank is then glued to the three mounting pads of the fixture using a cyanoacrylate adhesive. The adhesive is allowed to cure overnight to attain its full chemical resistance. The fixture is secured to the translation stage in PERL, leveled, and aligned to the machine axes to within 1 µm, over the length of the blank. Finally, the diamond tool is installed into the spindle. A 38 µm thick piece of plastic shim stock is used as a feeler gauge to set the initial height of the tool tip above the surface of the ZnSe blank. A differential micrometer in the tool holder then lowers the tip of the tool 38 µm to be flush with the surface of the blank. It is further lowered a distance equal to the depth of the groove (about 25 µm in this case) plus an extra 10 to 20 µm.
We set the spindle to 1000 rpm and directed a fine spray of light mineral oil over the part. The machine was held in this condition for 24 hours to reach thermal equilibrium before motion of the machine axes was started. The feed rate cutting grooves was 0.31 inches per minute. This was reduced slightly from the value of 0.35 inches per minute used in cutting the GR700 grism for NIRISS in the hope that it would reduce the amount of chipping of the grooves. PERL was set up to implement climb cutting for best groove quality. All grooves were cut in the same direction to minimize periodic errors due to hysteresis in the machine slides. After cutting a groove the spindle retracts and the fixture is translated so that the tool moves around the back edge of the blank before moving forward into position to start the next groove. The rate of motion increases to 2.1 inches per minute when the tool moves around the blank. Figure 2 shows the blank in PERL being machined.
Machining was completed in about 9 days. The grism was taken off the machine in its fixture. There was a large amount of fine zinc selenide particles caked on the grating, some of which can be seen in figure 2. We flushed the surface with acetone and isopropanol to remove most of the mineral oil along with particles trapped in the oil. Dry nitrogen then removed the solvents. First Contact from Photonic Cleaning Solutions, a strippable coating, was applied. When the coating is peeled off it removes residual particles in the grooves. It took several applications to completely clean the grating. Figure 3 shows the grism after cleaning. Obvious chipping can be seen. By eye the first few grooves cut appear to be OK but the chipping progressively increases as the cut progressed.
TESTING OF THE HK GRISM
The first test after cleaning was to inspect regions of the grating surface under a microscope. A number of photos were taken at 200X magnification at different points across the grating. Figure 4a shows a region near the start of the cut. It looks somewhat worse than the end of test cut shown in figure 1b. Figure 4b shows a region near the end of the cut. There is moderate amount of chipping here and the grating does not look very good. The chipping clearly got worse as the cut progressed. By varying the plane of focus of the microscope it was established that the chipping was occurring at the sharp edge at the tops of the grooves and not in the valleys. The regions with yellow coloration appear to be locations of subsurface damage, in other words areas of microcracks beneath the cut surface.
The next test was to view the diffraction pattern of the grism when illuminated with a 635 nm laser diode. The setup is shown in figure 5 . One can see two relatively bright spots which typically indicates that the peak response at 635 nm falls between two diffraction orders. As one directs the laser through the grism at different heights above the base, one sees more scattered light in the regions with greater chipping as well as reduced diffraction efficiency into desired orders.
In order to quantify these observations, we tested the grism using a HeNe laser (633 nm) at near normal incidence and a power meter. The laser output was 1.125 mW. At 633 nm and 293 K the refractive index of zinc selenide is 2.592. From this one can calculate a Fresnel reflectivity at normal incidence of 21%. Therefore, the net power entering the grism is 0.89 mW.
The upper region of the grism with the shortest beam path through ZnSe has the least chipping and the least scatter. With the HeNe beam at a height of 41 mm above the base, a number of diffraction orders were visible along with some scattered light around the brightest orders. The power in the brightest order was 0.45 mW, which, after correcting for the light reflected at the entrance face gives a diffraction efficiency of 0.45/0.89 ~ 51%. If the grating facets had a perfect AR coat the diffraction efficiency would increase to 64%. As seen in figure 5 there are two relatively bright orders in the diffraction pattern indicating that 635 nm is not a blaze wavelength. So the efficiency numbers quoted just above should be considered a lower bound. If we had used a laser tuned to the blaze wavelength the power diffracted into the peak order would be higher and the measured diffraction efficiency would be greater.
The HeNe beam was lowered to a height of 16 mm above the base of the grism. Here the chipping of the grooves is worse and more scattered light is seen in the diffraction pattern. The brightest order measured only 0.26 mW. Correcting for reflection loss at the entrance face the diffraction efficiency is 0.26/0.89 ~ 29%. With a perfect AR coating on the facets the diffraction efficiency would increase to 37%.
An ideally blazed flat groove facet can be modeled as a rectangular aperture diffracting light as a sin(x)/x function of angle. If the groove facet is not perfectly flat, as when there is a lot of chipping, then the diffracted power spreads over a broader angle. Thus significant optical power is diffracted into more than one or two orders leaving less in the desired order. This results in the reduced diffraction efficiency noted above.
Another test is to measure the wavefront error in the diffracted beam, in other words, how much does it deviate from an ideal plane wave. The grating is set up in Littrow mode in front of a Fizeau interferometer made by Zygo. The system produces an interferogram and a surface profile plot. Figure 6 shows the results for the 49.9º blazed facets of the HK grism. The peak to valley surface error over the full grating is 1.1 waves at 633 nm. This slightly exceeds the requirement of one wave of surface error. Since the optical footprint is somewhat smaller than the full grating the requirements are met over the region of the optical footprint.
We had hoped for a lower surface error. The interferogram shows relatively low error at the beginning and end of the machining but much worse in the middle. Further study showed that the much of the oil sprayed onto the blank during cutting accumulated in the base of the fixture. As the oil rose it applied an upward buoyancy force on the grism blank before spilling out over the top. We have since opened a drain hole in the bottom of the fixture to prevent this. A germanium grating that was cut in the same fixture several months later showed low surface error 5 .
POSSIBLE CAUSES OF CHIPPED GROOVES
There are at least two possible causes for the chipped grooves present in the HK grism. One is poor surface preparation of the ZnSe blank. If microcracks are present in or near the surface remaining from the grinding and polishing, then the zinc selenide will yield along the cracks, not along the direction in which the tool is trying to cut. This will cause breaks and chips in otherwise smooth grating facets. However, one would expect the microcracks from a poor polish to be relatively evenly distributed across the surface. This is not consistent with the observation that the amount of chipping increased as the cut progressed both in the test piece and in the grism blank. This also rules out the possibility that the quality of the bulk material is poor, that some fault in the material growth process produced a ZnSe substrate with low strength.
Another possibility is that the cutting edges of the tools were damaged. Consider attempting to cut an object with a sharp knife versus a dull knife. With a dull edge, greater force must be applied to perform a cut. In the case of our grism, the greater the force that must be applied to cut a groove the greater the chance of breaking off a piece of the zinc selenide. A dull tool may cause chipping in situations where a very sharp tool produces chip-free grooves.
Damage could have been present in the tool as received or originated in handling prior to the cut. LLNL has purchased a number of tools from the same vendor and has not observed this problem. Over the 15 years that LLNL has machined gratings there was possibly one incident of a tool damaged in handling. Procedures were then set up to prevent its reoccurrence. In the present case chipping was observed with both tools. The chances of two tools arriving damaged or being damaged in handling seems very unlikely.
This leaves the possibility that the tool was damaged while machining and that the damage increased as the machining progressed. This is consistent with the increased chipping observed. To confirm the presence of damage we used tool #22118 to cut a test grating in a single crystal etched germanium blank. The significant chipping, as seen in figure 7 , cannot be attributed to any defects in the blank. We conclude that the tool was damaged while cutting the ZnSe test grating and the HK grism.
Both tools #22118 and #22119 were returned to the vendor for inspection. Optical microscopy at up to 1500X magnification showed that the surfaces (top and 2 sides) that form the cutting edges looked very good on both toolshighly polished with no defects near the cutting edges. The SEM images at up to 10,000X magnification (see figure 8) confirmed the wear and chipping of the cutting edges. Tool #22118 showed modest wear and chipping. Tool #22119 showed much more wear and edge chipping, consistent with a poorer test cut.
A likely explanation of the increasing tool damage seen as the machining progressed is wear of the cutting edge. One would expect tool wear to increase with the length of the cut. It is interesting to compare the results of other LLNLmachined gratings in zinc selenide. For all of these the ZnSe was produced by II-VI but shaped and polished by different vendors. See Table 1 .
We used the same tool to machine the NIRISS test cut and both GR700 grisms after having previously machined seven grisms in germanium. Minimal chipping was observed even in the second GR 700 grism cut. So the unfavorable results on the HK grism at half the total groove length came as surprise. One major difference in the HK and test cut compared to the others is the much steeper blaze angle of nearly 50º. The adjacent HK facet had a blaze of just over 40º. One may hypothesize that the depth of cut in a 50º blazed grating is much greater than in very shallow blaze grating of similar pitch. However, even on a shallow blaze grating we try to cut to a depth of 20 µm or so be sure that the grooves are fully formed.
Another possibility is that there may be something different about the diamond crystal in the 50º blaze tools. There has been anecdotal evidence at LLNL of certain diamond tools having longer life and better wear characteristics than others. Even though diamond has a cubic structure its hardness has been observed to vary in different directions 6 . Other authors have noted that there is an optimal crystal orientation for precision machining 7 . fig. 9c) We located the serial numbers of the tools used in the Table 1 cuts and passed along the information to the tool vendor to check the fabrication records. On all the tools the crystals were mounted so that the (100) planes of the diamond were parallel to the vertical edge of the tool shank. So for shallow blaze angles the cutting edges are closely parallel to the (100) planes. These are the tools that gave long cutting life with minimal chipping. But on the 50º blaze tool for the HK grism the cutting edge is nearly 45 º from the (100) plane. Figure 10 displays the situation succinctly.
In the HK tools optical microscopy at high magnification (2000X) and SEM at 10,000X showed damage to the cutting edge. But planar surfaces had good polish and no obvious defects. We conclude that the observed chipping in ZnSe grooves is caused by tool wear to the cutting edges and that rate of wear is greatly increased when cutting edge is not closely aligned to (100) crystal planes. Given the high quality of the surface polishes, we believe crystal orientation was the dominant cause of the wear and chipping of the cutting edges.
CONCLUSIONS AND FUTURE WORK
Our first attempt at machining the HK grism for the RIMAS instrument did not work out as well as expected. We observed noticeable chipping with two different tools making test cuts in a small ZnSe disc. After selecting the best tool of the pair to machine the HK grism we saw chipping increase from moderate to severe as the cut progressed. Optical testing showed increased scatter and a drop in diffraction efficiency in the regions with the greatest chipping. Inspection of the tool post-cut confirmed wear and chipping of the cutting edges.
A comparison of the outcomes of ZnSe gratings and grisms machined at LLNL indicated that chipping was minimal in low blaze angle cuts but moderate to severe with the blaze angle near 45º as in the HK grism. The vendor records showed that in low blaze tools the (100) crystal plane of the diamond was closely aligned with the cutting edge. This was not the case with the HK tools. Inspection showed a high quality surface polish. The intersections of the surfaces define the cutting edges. So we believe that the tools were delivered in excellent condition but that the crystal orientation resulted in excessive edge wear that produced chipped grooves in the HK grism.
We have purchased new tools for machining the HK and YJ grisms with the diamonds rotated so that the (100) crystal axes now align with the cutting edges. This should greatly reduce groove chipping. The tools will receive an incoming inspection to verify that the angles are correct. Next the ZnSe surface of the HK grism will be repolished to remove existing grooves along with any subsurface damage. At this point the HK grism will be recut followed shortly by the machining of the YJ grism.
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